Genic DNA functions are commonplace: coding for proteins and specifying non-messenger RNA structure. Yet most DNA in the biosphere is non-genic, existing in nuclei as non-coding or secondary DNA. Why so much secondary DNA exists and why its amount per genome varies over orders of magnitude (correlating positively with cell volume) are central biological problems. A novel perspective on secondary DNA function comes from natural eukaryote^eukaryote chimaeras (cryptomonads and chlorarachneans) where two phylogenetically distinct nuclei have coevolved within one cell for hundreds of millions of years. By comparing cryptomonad species di¡ering 13-fold in cell volume, we show that nuclear and nucleomorph genome sizes obey fundamentally di¡erent scaling laws. Following a more than 125-fold reduction in DNA content, nucleomorph genomes exhibit little variation in size. Furthermore, the present lack of signi¢cant amounts of nucleomorph secondary DNA con¢rms that selection can readily eliminate functionless nuclear DNA, refuting`sel¢sh' and`junk' theories of secondary DNA. Cryptomonad nuclear DNA content varied 12-fold: as in other eukaryotes, larger cells have extra DNA, which is almost certainly secondary DNA positively selected for a volume-related function. The skeletal DNA theory explains why nuclear genome size increases with cell volume and, using new evidence on nucleomorph gene functions, why nucleomorph genomes do not.
INTRODUCTION
Despite numerous theories and attempts to evaluate their merits, there is no general agreement about why most eukaryotic cells contain orders of magnitude more DNA than required to code for their proteins (Cavalier-Smith 1985a) . Eukaryote genome sizes vary by about 300 000-fold (minimum 0.0023 pg in the microsporidian Encephalitozoon intestinalis (Vivares 1999) , maximum 700 pg in Amoeba dubia (Friz 1968 ) (1pg 980 Mb)), with no overall correlation with organismal complexity or estimated gene numbers (Cavalier-Smith 1985b) . In fact, the bulk of nuclear DNA (over 99% for many taxa) is present as non-coding or secondary DNA. In contrast to its usual lack of correspondence with organismal complexity, strong positive correlations have been described between genome size and both nuclear and cell volumes in unicells and multicellular organisms alike (Bennett 1972; Shuter et al. 1983; Cavalier-Smith 1985c) .
Two radically di¡erent classes of explanation for the persistence and variability in amount of secondary DNA have been developed. One suggests that secondary DNA has no function and accumulates purely through mutation pressure (Ohno 1972; Doolittle & Sapienza 1980; Orgel & Crick 1980; Maynard Smith & Szathmary 1997) . Selection against secondary DNA is assumed to be simply too weak to eliminate it, and systematically less e¡ective in larger cells than in smaller ones. As a result, there is a trend towards an overall increase in genome size. Secondary DNA can be regarded as purely neutral`junk', maintained in the genome simply by its physical linkage to genic DNA (Ohno 1972) . Another mutation pressure theory referred to the majority of non-coding DNA as genetic parasites or`sel¢sh DNA' and o¡ered a mechanism (e.g. duplicative transposition) for its active accumulation (Doolittle & Sapienza 1980; Orgel & Crick 1980) . In general, mutation pressure theories o¡er no clues as to the basis for the observed relationships between genome size and cellular parameters, although the presence of these correlations is insu¤cient by itself to preclude their validity.
In marked contrast to the purely mutational explanations, functional theories argue that secondary DNA has a sequence-independent function by virtue of its sheer bulk. Most functional theories assert that cell size is adaptively important (for which there is much evidence; Cavalier -Smith 1985c) and that the genome-size^cell-volume relationship is the key to explaining the continued presence of non-coding DNA. The most speci¢c of the functional theories is the skeletal DNA hypothesis, which states that the mass of DNA (in conjunction with its folding pattern) directly determines the nuclear volume. In order to maintain a balance between the rates of nuclear RNA and cytoplasmic protein synthesis during growth, it is argued that cells of di¡ering volumes must have a constant cytonuclear ratio, so that nuclear volume must coevolve with cell volume, which is itself roughly optimized by selection (Cavalier-Smith 1978 , 1985c , 1991 . This functional theory applies to both unicells and multicells, but its application to the latter is more complex; for simplicity the extra complications in multicells (see CavalierSmith 1985c CavalierSmith , 1991 and protists with multiple nuclei or multiple ¢ssion (see Cavalier-Smith 1980 , 1985c are not considered here.
Deciding between these two radically di¡erent theories is doubly di¤cult because of the impracticality of manipulating genome sizes su¤ciently for experimentally analysing the basis for the observed evolutionary correlations, and our imperfect understanding of the genetic determinants of cell and nuclear volumes. Here we present new data and arguments from two natural evolutionary experiments that o¡er a novel perspective on the correlation between cell size and nuclear genome size. These experiments were the independent origin several hundred million years (Myr) ago of two types of chimaeric binucleate algal cells by the permanent merger of an algal symbiont with a £agellate host (CavalierSmith 1995; Gilson et al. 1997) . The merger of a green alga (Van de Peer et al. 1996; Cavalier-Smith et al. 1996; Ishida et al. 1999 ) with a protozoan £agellate host (CavalierSmith & Chao 1997 ) produced one such chimaera that diversi¢ed to form the chlorarachnean algae (Ishida et al. 1999) . The other resulted from the endosymbiosis of a red alga (Douglas et al. 1991; Maier et al. 1991; Cavalier-Smith et al. 1996) in an unknown bi£agellate host, establishing cryptomonad ancestors.
In both groups of algal chimaeras, the symbiont's nucleus (referred to as the nucleomorph), although no longer independent, has been retained in the cell.
Possessing a double envelope with characteristic nuclear pores (Greenwood 1974; Hibberd & Norris 1984) , three minute linear chromosomes with telomeres, and densely packed genes Gilson et al. 1997; Zauner et al. 1999) , nucleomorphs are undoubtedly genuine nuclei which have undergone the greatest genomic reduction in all eukaryotic history McFadden et al. 1997 )öexcept for some total losses of algal symbiont nuclei during secondary symbiogenesis (Cavalier-Smith 1995) . As a result of this reduction, chlorarachnean and cryptomonad nucleomorphs contain only 380^450 kb (Gilson & McFadden 1999) and 4507 10 kb of DNA (Rensing et al. 1994) , respectively. The intracellular coevolution of independently derived nucleus and nucleomorph for about 530 Myr (Cavalier-Smith 1999) allows us to use nucleomorphs as internal controls for understanding the selective forces acting on the main cell nucleus as a function of cell size.
In the present study, we show that the DNA content of the cryptomonad cell nucleus scales with cell size as in other eukaryotes, but the nucleomorph genome does not. We argue that these radically di¡erent scaling laws for the two eukaryote genomes coevolving in the same cell demonstrate very strong selection against secondary DNA in nucleomorphs but for it in nuclei. This appears to refute mutation pressure explanations and points to a positively selected function for nuclear secondary DNA. We explain how the skeletal DNA hypothesis can explain the divergent scaling patterns.
METHODS
We investigated the relationships between cell volume and nuclear and nucleomorph DNA contents in diverse cryptomonad species; cell volume and nuclear DNA content estimates are from the present study and nucleomorph size estimates were taken from Rensing et al. (1994) . Seventeen strains (from culture collections shown in table 1) were grown at 20 8C under a , where l and w are the mean length and width, respectively. Cellular DNA contents were determined by £ow cytometry for the same strains. Using cultures at densities of approximately 10 6 cells ml À1 , 1^3 ml of cells were washed one to two times in culture media, ¢xed in ice-cold 70% methanol in phosphate bu¡ered saline (PBS) and held at 4 8C. Prior to measurement, ¢xed cells were washed twice in PBS before adding RNAase (100 mg ml À1 ¢nal concentration) and propidium iodide (50 mg ml À1 ¢nal concentration). Fluorescence was measured for 10 000 events per strain on a Becton Dickson Facscan. To con¢rm that auto£uorescence did not interfere with the staining, unstained cells were routinely monitored. Reconstituted chicken red blood cells (2.33 pg DNA per cell) were used as a DNA standard, and as an added check of the measurement, the dino£agel-late Amphidinium carterae was also included. Our experience with cryptomonad DNA (especially Guillardia theta) separated by CsCl density centrifugation suggests that chloroplast, mitochondrial and nucleomorph DNA are together about 10% of total cellular DNA. As this is comparable to the estimated measurement error, we used total cell DNA values as estimates of nuclear DNA content.
RESULTS

(a) Variation in DNA contents
Two peaks (one major and one minor) were visible in the £uorescence histograms for most of the algal strains, identifying cells in the G 1 and G 2 stages of the cell cycle, respectively. The G 2 :G 1 ratios were close to 2.0 (table 1) , indicating a doubling of DNA contents, although the average of the ratios (1.91) was slightly less than expected (2.0), probably owing to an overlap of the upper and lower tails of the two distributions. In the present study, cells of the dino£agellate, A. carterae, contained 6.4 pg of DNA, in good agreement with a previous estimate of 6.5 pg (Boucher et al. 1991) .
We found that cryptomonad nuclear DNA contents vary over 12-fold from 0.72 to 8.8 pg per cell (table 1). The largest cells have 2.5 times as much DNA as a human sperm. Few measurements of DNA contents for cryptomonads have been reported that can be used for comparative purposes. Using £ow cytometry, Velduis et al. (1997) found a 12-fold range in DNA contents among ¢ve cryptomonad strains (reported as chicken red blood cell units per cell). The converted estimate for one strain common to our study, Storeatula major, was 5.3 pg, about 10% higher than we found. Furthermore, Boucher et al. (1991) reported £ow cytometric results for Cryptomonas maculata of 1.5 pg, which falls within our range. However, in contrast to £ow cytometry studies, Hansmann & Eschbach (1990) reported a nuclear DNA content for Rhodomonas (Pyrenomonas) salina of 1.1pg using a diphenylamine method following biochemical DNA extraction. This estimate is several-fold less than ours. Clearly, further study is required to con¢rm the absolute quantities of DNA per cell, but the relative amounts for strains should be valid. Whether the biochemical measurement for R. salina (Hansmann & Eschbach 1990 ) slightly underestimates the DNA content or £ow cytometry measurements are slightly in£ated (or both) is irrelevant to the central evolutionary arguments of the present paper.
(b) Di¡erent scaling laws for nuclei and nucleomorphs
As expected, DNA content correlated positively with cell volume (r 0.9, p50.001), with a slope of 0.74 (see ¢gure 1). This agrees reasonably with an earlier analysis for a wide taxonomic range of unicells (slopes for eukaryotes and prokaryotes were 1.0 and 0.28, respectively; Shuter et al. 1993 ), but we are unsure why the data systematically lie above the regression for other protists. This displacement implies that cryptomonads have more nuclear DNA per unit cell volume than previously studied protists, although the di¡erence may be exaggerated by cell shrinkage during ¢xation or the imperfect resolution of G 1 and G 2 cell distributions. Similar discrepancies have been noted for a variety of data sets where DNA content and cell volume estimates have been obtained by di¡erent methods (as illustrated in Shuter et al. (1983) and Boucher et al. (1991) ). What matters for the present discussion, however, is that cryptomonad nuclei show a marked increase in DNA content with cell size, as in all eukaryote groups previously studied. Furthermore, as gene numbers are expected to be approximately constant within the group, di¡erences in nuclear content can be attributed to secondary DNA. But in great contrast, nucleomorph genome size is essentially independent of cell volume (slope close to zero) (¢gure 1). Therefore, nucleomorph genomes follow a very di¡erent scaling law from their nuclear counterparts, demonstrating profoundly di¡erent evolutionary forces acting on the genome size of two phylogenetically distinct nuclei within a single cell.
DISCUSSION
A comprehensive explanation for nuclear secondary DNA must explain why it increases with cell size and, equally importantly, why the corresponding nucleomorph DNA does not. The amount of nuclear non-coding DNA cannot be de¢nitively determined from our results, as neither the ploidy level nor the exact number of genes is known. However, the strains studied may be mostly haploid, as sex with alternation of haploid and diploid generations is known only for one of the species not included here (Hill & Wetherbee 1986 ). If we assume that their nuclei have 15 000 protein genes with mean coding length 1 kb, then the coding part of their genome would be 15 Mb. As their cell DNA contents vary from 705 to 8620 Mb (table 1), 97.8^99.8% is likely to be non-coding.
The precise degree of genomic reduction by cryptomonad nucleomorphs compared to their red algal ancestors is also di¤cult to evaluate. The smallest nuclear genome reported for a single-celled red alga (Cyanidioschyzon) is about 0.01pg (Maleszka 1993) , but this organism is restricted to acidic hot springs in which potential £agellate hosts could not grow. Possibly a better indicator of the likely ancestral size is the unicellular mesophilic red alga, Porphyridium aerugineum, with a genome of 0.13 pg (Barnes et al. 1982) , making a reasonable minimal estimate for the genome size of the ancestral red algal endosymbiont about 0.1pg (ca. 98 Mb). If we assume that the ancestral red algal genome had 10 000 genes (less than cryptomonads due to the absence of £agellar apparatus and extra membranes) of average length 1kb, then 10 Mb of the 98 Mb (i.e. slightly over 10%) ancestral genome had a protein-coding function.
(a) Drastic genome reduction in nucleomorphs
Thus, cryptomonad nucleomorphs must have been miniaturized by at least 125-fold. For Guillardia theta, only about 9% of nucleomorph DNA is non-coding: introns are virtually absent and genes are separated by only about 75 bases (Zauner et al. 1999) . Furthermore, while the protein-coding part of this genome has been reduced 21-fold compared to the ancestral red algal genome, secondary DNA has been even more e¡ectively discarded (1950-fold; see table 2). The successful elimination of secondary DNA from nucleomorphs seems to prove that most of it could have been eliminated from the nucleus also, if it really had no function.
Although it is widely assumed that mutational explanations, speci¢cally the sel¢sh DNA hypothesis, can explain the existence of so much non-coding DNA (Maynard Smith & Szathmary 1997), comparative evidence strongly indicates that only a small fraction of secondary DNA in nuclei (e.g. most transposons) is simply genetically parasitic. A signi¢cant fraction of non-coding DNA, notably introns (Cavalier-Smith 1978 , 1985d ) and dispersed repetitive sequences (e.g. Alu repeats, L1 elements), is likely to be`sel¢sh' in origin (Cavalier-Smith 1985e) , but is today predominantly not actively spreading genetic parasites. As ex-sel¢sh DNA, their maintenance and persistence in the genome must be explained in the same way as other non-coding DNA. Most secondary DNA must be either neutral junk or functional.
Furthermore, the miniaturized nucleomorph genome compared with nuclei, and the absence of any evidence for larger nucleomorphs in bigger cells, show that mutation pressure does not inexorably increase the size of eukaryotic genomes. This appears to refute the mutation pressure theories, which would expect non-coding DNA to increase equally in both nuclei and nucleomorphs. E¡ective pressure for genomic reduction is also emphasized by the very short, 19^20 nucleotide splicesomal introns present in chlorarachnean nucleomorph chromosomes , showing that selection can readily shorten but seldom eliminate introns. Moreover, the minuteness of nucleomorph genomes cannot be explained by intracellular competition for rapid replication (as has been invoked for mitochondria and chloroplasts) as there is typically only a single copy per cell. Thus, nuclear secondary DNA must be positively selected for rather than selectively neutral junk.
What exactly is the cost of extra non-coding DNA to a cell ? How mechanistically does it lower net reproductive rates? We suggest that it is the cost in energy and scarce nutrients, such as phosphate and ¢xed nitrogen, needed to synthesize extra DNA and histones that would lower cell reproductive rates compared with a competitor with less DNA. If the selective disadvantage is su¤cient to remove quite small amounts of non-coding DNA from the nucleomorph, it should be even more e¡ective in removing the much larger, and thus more costly, amounts from the nucleus if that were non-functional.
The presence of a special genome-reducing mechanism in the nucleomorph seems unlikely. The mechanism of reduction of all genomes is simply deletion mutations followed by selection for smaller variants, and there is no reason to think that deletions occur in a higher frequency in the nucleomorph than in the nucleus. Because the nucleus has a much higher fraction of non-coding DNA than the nucleomorph, the fraction of its deletions that are viable (i.e. not eliminating essential genes) should be higher. As the residual amount of secondary DNA in the nucleomorph is so small, viable deletions must be shorter, on average, for continued genome reduction, and therefore yield less cost saving than those in the nucleus. Thus in the absence of a function, secondary DNA should be even more e¤ciently eliminated in the nucleus than the nucleomorph.
(b) Large nuclear genomes: mutational and selective causes
We argue that the skeletal DNA hypothesis (CavalierSmith 1985c (CavalierSmith , 1991 simply explains the opposing evolutionary forces acting on the two genomes. This theory rests on the fact that cells typically exhibit balanced growth, such that all components double between divisions, and evidence from cell-cycle experiments supports this tenet. Therefore, for a cell to evolve a larger volume there must be a corresponding increase in ribosomes and in ribosomal RNA (rRNA) and messenger RNA (mRNA). Consequently, the nucleus must accommodate more RNA polymerases, RNA-processing enzymes and nascent RNA, and so be correspondingly larger. Thus larger cycling cells must necessarily have larger nuclei. The skeletal DNA theory adds two key ideas to this established principle of cell biology. First, the mechanistic thesis that nuclear volume is determined by the total mass of DNA that it contains and the manner in which the DNA is folded, for which there is reasonable experimental evidence (Cavalier-Smith 1991) . For example, in frog eggs, DNA acts as the sequence-independent nucleating agent for nuclear assembly (Forbes et al. 1983) . Second, the evolutionary thesis that the simplest and most usual way to increase or decrease nuclear volume is by changing genome size rather than by altering the DNA folding pattern or its attachment to the nuclear envelope, both of which appear relatively constant among related taxa. If both points are correct, then an evolutionary correlation between genome size and cell size necessarily follows. Cell volume itself is assumed to be controlled genically, not by DNA content (CavalierSmith 1985c) . Both genic and secondary DNA will function as a nuclear skeleton, but as the copy number of protein-coding genes generally needs to be no greater in larger cells, the fraction of secondary (i.e. purely skeletal) DNA rises in larger cells. Furthermore, the theory expects nuclear genome size to scale with a slope marginally less than one, if larger cells are not to have longer cell cycles (actually they do somewhat (Cavalier-Smith 1985c , 1985 , which slightly reduces the predicted scaling factor).
As stressed earlier (Cavalier-Smith 1978) , the larger amounts of skeletal DNA in bigger nuclei provide a secure and extensive habitat for the multiplication of sel¢sh genetic elements, which spread easily in sexual eukaryotes (Maynard Smith & Szathmary 1997) . However, the cryptomonad and chlorarachnean binucleate chimaeras compellingly argue that the abundance of sel¢sh elements is a consequence of large genomes, not their decisive determinant (Cavalier-Smith 1978 . There is no contradiction in recognizing an important role for mutational and sel¢sh processes in many qualitative aspects of genome evolution (Cavalier-Smith 1993 ), yet accepting a decisive role for selection for optimal nuclear size in governing the overall scale of the genome within which these molecular biases operate (Cavalier-Smith 1978) . The junk DNA theory's assumption that duplications and insertions predominate over deletions has also been strongly contradicted by recent evidence for the reverse in Drosophila, where mutation pressure favours smaller rather than larger genomes (Petrov et al. 1998) .
(c) Why is nucleomorph genome size independent of cell size?
The answer, we suggest, lies in the very di¡erent functional spectrum of nucleomorph genes compared with the nucleus (¢gure 2). The scaling for nucleomorph genomes expected by the skeletal DNA hypothesis will depend on how the demand for their gene products quantitatively increases with cell size. In both cryptomonad and chlorarachnean nucleomorphs most identi¢ed genes are housekeeping genes, e.g. those involved in DNA replication, transcription, translation, and RNA and protein processing within the nucleomorph and its surrounding periplastid space (the relict cytosol of the former symbiotic algae: Cavalier-Smith 1995; Gilson et al. 1997) . Missing from these genomes are genes encoding proteins for primary and secondary metabolism or cytosolic structures. Therefore, the proportion of the nucleomorph genome encoding end-products required in higher amounts with larger cell size is very low (¢gure 2). So far, only a handful of such end-product genes have been identi¢ed. They include a very few plastid proteins (protease clpP in the chlorarachnean , and FtsZ and rubredoxin in the cryptomonad nucleomorph (Zauner et al. 1999) ) and tubulin genes in cryptomonads (Zauner et al. 1999) . With most of the G. theta nucleomorph genome sequenced (S. E. Douglas, U.-G. Maier, T. Cavalier-Smith and M. J. Beaton, unpublished data), we estimate that end-product genes are less than 5%, while in nuclei they probably exceed 95%, of total gene numbers. Assuming balanced growth, doubling the cell volume without increasing cell-cycle length (i.e. scale with a slope close to zero), requires a 99% increase in the nuclear volume (i.e. scale with a slope somewhat less than one, depending on how much cryptomonad cell cycles increase in length in larger cells). However, given the radically di¡erent nature of its gene products, only a marginal volume increase would be required of the nucleomorph (thus scaling with a slope scarcely above zero). Thus the strongly divergent scaling of nuclear and nucleomorph genomes with cell size is predicted by the skeletal DNA theory of the C-value paradox, but not by mutation pressure theories (whether sel¢sh or junk DNA), which cannot account for the di¡ering scaling laws. This provides the strongest evidence yet against the neutral and sel¢sh DNA theories and in favour of a positive, but sequence independent, function for secondary nuclear DNA.
The present discussion has assumed that the DNA packing ratio (i.e. the DNA mass per unit nuclear volume) is approximately constant for both eukaryotic genomes. This assumption needs testing by direct volumetric measurements for cryptomonads with di¡erent cell sizes. Furthermore, a survey of packing ratios for a variety of protists would o¡er insights into its conservation across major phylogenetic divergences.
CONCLUSION
The skeletal DNA theory may not be the ¢nal answer to the question why nuclei possess so much secondary DNA. But any alternative explanation for nuclear genome size evolution will be acceptable only if it can quantitatively explain the scaling laws discussed here at least as well as the skeletal hypothesis. Certainly, these alternatives must reasonably account for very e¡ective divergent selection for small nucleomorph genomes and for far larger nuclear genomes in the same cell.
We have argued that the majority of the secondary DNA present in the nucleus of the ancestral red alga has been successfully eliminated from cryptomonad nucleomorphs. But we do not claim that selection has eradicated all their non-coding DNA, because a consequence of ever-shrinking non-coding segments is the increasing probability that random deletions will more often remove segments of coding DNA, so fewer will be viable. Eventually a mutation^selection equilibrium will be attained at which a low rate of selective loss is balanced by occasional new duplications or insertions. The short intergenic spacers remaining in the nucleomorph (Zauner et al. 1999) are candidate sites for such ongoing mutational gains and losses. Whether the small variation in nucleomorph genome size is caused by variable amounts of residual non-coding DNA or by variation in gene content (or a combination of both) has yet to be investigated. Comparative studies of nucleomorph genomes could help elucidate the interplay between mutational and selective forces in the evolution of eukaryote genomes.
